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Abstract  
Digital photonic production of 3D microfluidic devices and assembled micro mechanics inside fused silica glass is 
carried out using ISLE directly from digital CAD data. To exploit the potential productivity of new high average 
power fs-lasers >150 W a modular high speed scanning system has been developed. Acousto-optical beam deflection, 
galvo-scanners and translation stages are controlled by CAM software. Using a lens with 10 mm focal length a focus 
radius of 1 μm is scanned with a velocity of 12 m/s on 400 μm track radius enabling the up-scaling of the ISLE-
process using fs-laser radiation with up to 30 W. 
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1. Motivation / State of the Art 
Digital photonic production is the production of parts directly from digital CAD data using laser 
radiation. For computer-aided manufacturing (CAM) software generates trajectories to be scanned by the 
laser radiation from the 3D CAD data describing the part to be produced and controls the positioning 
systems and the laser accordingly. Because in digital photonic production all information needed for the 
production of the part is digital and neither mold nor mask are needed, the production cost is rather 
independent from lot size enabling individualized production. Secondly, since the complexity of a design 
comes only at the cost of some cheap data storage capacity, the production cost may become independent 
from product complexity. E.g. the cost to produce a simple cylinder, a functional gear or the cost to 
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produce a gear already mounted on its axis at its final place is similar using laser radiation for digital 
production. Since the in-volume selective laser-induced etching process (ISLE) enables digital photonic 
production of 3D parts in transparent materials like glasses and sapphire, the above mentioned advantages 
could be used for the production of microfluidic devices for applications e.g. in medical diagnostics.  
ISLE of micro channels in fused silica glass and sapphire is a fabrication process under investigation 
for more than eight years now [1-4]. Since special micro-scanners with CAM software have been 
developed [5] and versatile table-top machining centers are in development [6], 3D digital production of 
complex micro structured parts is possible using ISLE [7]. However since traditional focus scanning 
using translation stages and galvo-scanners are only able to exploit the productivity of low average power 
fs-fiber lasers (<5 W) the recent development of high average power fs-slab amplifiers (150 W – 1 kW) 
makes the development of fast laser scanning necessary. Therefore, the development of a high speed 
micro-scanner is the goal of this project to enable fast digital photonic production of 3D micro structured 
transparent devices. The goal is to enable high speed (scanning velocity >10 m/s) while maintaining high 
precision (focus radius 1 μm).  
2. Experimental 
In-volume selective laser-induced etching (ISLE) is a two-step process: In the first step material 
transparent to the laser radiation is modified locally inside the volume. For this purpose ultra-short pulsed 
(adjustable from 500 fs to 5 ps) laser radiation from a fs-fiber laser (average power 5 W) amplified by a 
slab-amplifier (average power 150 W) is focused inside the glass material by an objective lens with a 
numerical aperture of 0.3. In the focus volume the intensity of the laser radiation is large enough to enable 
the absorption by multi-photon processes because the material is transparent at lower intensities. A 
connected volume inside the material is modified by scanning of repetitive pulses, which must have at 
least one contact to the surface of the work piece. For digital production of 3D microstructures from the 
CAD data a set of stacked 2D scanning trajectories are computed (slicing; Fig. 1 left), which are fed 
subsequently from bottom to top to the CAM software controlling the translation stages, the modules of 
the scanning system and the laser power synchronously. If the structure to be produced is larger than the 
scanning field of the lens, the 2D trajectories are divided in adjacent tiles by the CAM software and are 
scanned and stepped subsequently (Fig. 1 center). The stitching of adjacent tiles is clearly visible using 










Fig. 1.  Laser trajectories generated from 3D CAD file (schematic, left), micrograph of modified structure (center) and resulting 
microstructure after etching the modified volume selectively (right) 
1 mm1 mm
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In the second step the work piece is exposed to aqueous solution of potassium hydroxide (KOH). 
Because the material, modified by the laser radiation, is etched much faster than the unmodified material, 
the modified volume is selectively removed resulting in hollow structures inside the work piece. The 
selectivity, that is the ratio of the etching rate of the modified material to the etching rate of the 
unmodified material, can be as high as 1,000. After etching, the microstructures are cleaned with water 
and ethanol and characterized using optical microscopy (Fig. 1 right, Fig. 2). After etching the stitching of 
the tiles is still clearly visible using optical microscopy (darker lines in Fig. 1, right) and grooves of about 
a few microns in depth remain on the free rotating gear produced already mounted on its axis (Fig. 2). 
 
Fig. 2. Free rotating gear (a) produced directly from CAD data already assembled on its shaft (cross-section, b) by ISLE 
3. Results and Discussion 
3.1. High speed microscanner 
For rapid digital production of 3D microstructures parts with 1 μm precision utilizing high average 
power fs-lasers (P=150 W) a modular micro scanning system has been developed. Modular combinations 
of acousto-optical beam deflection, galvo scanner and translation stages have been set-up as prototypes 
called LightFab (Fig. 3).  
The inverse micro scanner (Fig 3, left) exhibits a translation stage for the work piece accessible in the 
upper part of the case behind the sliding door with a laser safety window. The upright micro scanner (Fig. 
3, right) instead is mounted to the z-axis of a commercial 3-axis translation stage. The work piece is 
placed on a mount on the x-y-table below the micro scanner. A CAM software has been programmed for 
synchronized control of the laser output, the different scanning modules and the translation stages with an 
interface to the CAD software to enable digital photonic production. Both high speed micro scanning 
systems have been equipped with reflected-light microscopy with CMOS camera necessary for alignment 
of the work piece and for process inspection. A power detector and a second illumination source have 
been included for both transmitted-light microscopy and for measurement of the laser power absorbed in 
the transparent work-piece (not shown in Fig. 3, right). 
The high speed micro scanners can be equipped with various focusing optics. For example using a 
telecentric plan-field lens with 10 mm focal length a focus radius of 0= 1 μm is scanned with a velocity 
of e.g. v=12 m/s on a 400 μm track radius. Therefore, spatial separation of laser pulses is possible at laser 
repetition rates as high as f=5 MHz. Using different focusing lenses results in a scanning speed linearly 
scaled with focal length and track radius. E.g. using a plane field f-theta lens with 160 mm focal length 
1 mm
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results in a scanning speed of 200 m/s on a 7 mm track radius while using an oil-immersion microscope 
objective with NA=1,3 and focal length of 1,6 mm results in a scanning speed of 1 m/s on a 33 μm track 
radius.  In this project the high speed microscanner is used for digital photonic production of 3D micro 
parts using the ISLE process. Of course the high speed microscanner is also suitable for other 3D laser 
processes like welding, waveguide writing, marking inside transparent materials and laser micro 
structuring by material removal or by two photon polymerization.  
  
Fig. 3.  Modular high speed micro scanner systems LightFab: (a) inverse micro scanner with translation stage included;  
(b) micro scanner mounted on the z-axis of a 3-axis translation stage 
3.2. Absorptivity 
The efficiency of the laser-induced modification process is dependent on the fraction of the laser 
power absorbed in the volume to be modified. Since the absorptivity of glasses depends on processing 
variables such as repetition rate, velocity and the applied pulse energy it is measured during modification 
to determine the absorbed power. The absorptivity is computed from the difference of the transmitted 
energy measured while scanning the laser focus outside the sample and the transmitted energy measured 
while modifying the material by scanning the focus inside the transparent material [8]. 
Using the borosilicate glass D263 the absorptivity increases with increasing repetition rate and pulse 
energy from 0% to > 70% (Fig. 4). Increasing the velocity from 1 mm/s to 200 mm/s is resulting in a 
decrease of the absorptivity of ~10% in average. Using a laser power > 0.5 – 2 W more than 50% of the 
laser power is absorbed in the material. Therefore, the absorption is dominated by linear absorption 
processes like absorption by thermally excited electrons in the volume heated by heat accumulation of 
multiple pulses [9]. This is in agreement with the temperature increase of 1,000-5,000 K observed during 
modification of borosilicate glass with fs-laser radiation [8]. Because the absorptivity is 50% or larger, a 
further increase of repetition rate, laser power and scanning velocity is considered to result in an almost 
linear increase of productivity of the laser modification process. 
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Fig. 4. Absorptivity measured in D263 during modification with 0.5-6 MHz repetition rate and scanning velocity of 100 mm/s 
3.3. 3D microstructures 
Extruded 2D demonstrations of applications of ISLE with the use of high speed scanning include the 
production of a 50x50 field of holes with a diameter of 73 μm in 1 mm thick fused silica (Fig. 5, left) and 
gears with a length and diameter of 1 mm (Fig. 5, right), which are produced directly assembled on its 
axis inside the glass. While the contour of the hole or the gear is scanned, the work-piece is moved 
simultaneously in respect to the laser focus to modify helical tracks on the surfaces.  After etching the cut-
out glass cylinders are removed to obtain the holes. A tolerance of the holes’ diameter of ±1 μm has been 
obtained by micro cutting the 1 mm thick fused silica by ISLE. Using an average laser power < 4 W the 
processing time is < 1 s per hole. Further up scaling of the productivity is planned using high power laser 
radiation and the high speed microscanner. 
  
Fig. 5. Holes with 73 μm diameter (left) and gears (right) both made by ISLE in 1 mm thick fused silica glass 
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3D mounted micro mechanics with undercuts, gaps and moving part has been produced in fused silica 
to demonstrate digital photonic production (Fig. 2). A 3D micro fluidic device for medical diagnostics has 
been produced by ISLE in 2 mm thick fused silica. The microstructure consists of a tapered buried flat 
micro channel for microscopic diagnosis and two cylindrical inlet pipes each equipped with connectors 
for flexible tubes (Fig. 6). The surface roughness is Rz~1 μm resulting some scattering of light and an 
opaque appearance, if the micro channel is filled with air (Fig. 6). If the channel is filled with water, 
transmission is increased because of reduced difference of the refractive indices and details of specimens 
inside the channel are could be observed using optical microscopy. 
 
Fig. 6.  3D micro fluidic device in 2 mm thick fused silica made by ISLE directly from CAD file (top-view and cross-section) 
To investigate the up-scaling of the ISLE process a straight micro channel with a cross-sectional area 
of 50x630 μm has been produced in fused silica by scanning the laser focus 0= 1 μm on a circle of 630 
μm diameter with a velocity of v=10 m/s and simultaneously translating the sample (Fig. 7). Using pulse 
duration of 500 fs, a repetition rate of 27 MHz and a laser power of 13.5-24.3 W (corresponding to pulse 
energy of 0.5 μJ – 0.9 μJ) the ISLE process is possible without visible cracks after etching (Fig. 7, left). 
Micro-cracks detected before etching using optical microscopy are obviously removed by the etching 
process. Increasing the power to 27 W (pulse energy 1 μJ) results in micro-channels with cracks at the 
corners (Fig. 7, left, bottom). Using pulse duration of 5 ps by stretching the laser radiation, a laser power 
of 18.9 W (0.7 μJ) is necessary to initiate the ISLE process resulting in a microchannel (Fig. 7, right) with 
length >3 mm and a varying width of 300-500 μm since only a part of the modified volume is removed. 
Using 5ps and 21.4 W (0.8 μJ) results in a microchannel quite similar to the one obtained using 500 fs 
laser radiation (Fig. 7). Further increasing of the power results in an increased height of the 
microchannels and of small cracks at the edges could be present. At the highest power used (29.7 W, 1.1 
μJ) the cross-section of the microchannel produced with 5 ps laser radiation is more rectangular than the 
cross-section of the microchannel produced with 500 fs laser radiation. Also at larger laser power 
cracking seems to be more severe using 500 fs pulses than using 5 ps pulses (Fig. 7, bottom). 
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Fig. 7. Micrographs of cross-sections of micro channels 3-8 mm long with a cross-section of up to 630 μm width and 50-80 μm 
height in fused silica using the high speed micro scanner system. Pulse duration for modification is 500 fs (left) and 5 ps 
(right) 
4. Summary and outlook 
Using In-volume selective laserinduced etching (ISLE) digital photonic production of microfluidic 
devices and already assembled micromechanical parts has been demonstrated directly from the 3D CAD 
data.  
To utilize high average power fs-lasers (P=150 W) a modular high speed scanning system has been 
developed. By combination of acousto-optical beam deflection, galvo scanner and translation stages using 
a lens with 10 mm focal length a focus radius of 0= 1 μm has been scanned with a velocity of v=12 m/s 
on a 400 μm track radius. 
The scaling of the ISLE process to high power (30 W) and high velocity (10 m/s) has been 
demonstrated by fabrication of 8 mm long microchannels in fused silica using 500 fs laser radiation. 
Using 5 ps ps-laser radiation microchannels >3 mm in length have been produced in fused silica. At 
larger power (27-30 W) cracking seems to be less severe using 5 ps laser radiation than using 500 fs laser 
radiation. Further process optimization is needed to investigate the processing windows for the fabrication 
of high quality microchannels by ISLE and using higher power laser radiation especially for ps-laser 
radiation. 
Both the microstructured parts made by ISLE and the high speed microscanner will soon be made 
commercially available by the authors.  
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